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Abstract
We propose a solution to the µ-problem due to the non-universal soft supersymmetry
breaking in a class of supersymmetric extensions of the SM with an extra U(1) and the
NMSSM. Our scenario resembles an earlier one which has been proposed as a solution
to the µ-problem in the framework of similar models but it has rather different features
from that. Theoretically crucial points in the present scenario are the realization of the
required non-universal soft supersymmetry breaking parameters and the concern to avoid
the vacuum instability due to tadpoles. We discuss them in some detail. In particular, on
the non-universal soft supersymmetry breaking we discuss the superstring and the field
theory with reduction of couplings possibilities. We also study the weak scale radiative
symmetry breaking in the considered models and estimate the upper mass bound of the
lightest neutral Higgs scalar. The latter tends to be smaller in the present scenario as
compared to the previous one.
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1. Introduction
Supersymmetry is expected to solve the hierarchy problem in the standard model (SM)
[1]. The minimal supersymmetric standard model (MSSM) is the simplest candidate of
such models. As is well-known, however, there is a remnant of the hierarchy problem
called µ-problem [2]. µ is a supersymmetric mass parameter in the MSSM and it needs
to be close to the weak scale for the realization of a correct vacuum. In principle there is
no reason why it should be as the weak scale and it is natural for such a supersymmetric
mass parameter to be of the order of the unification scale or the Planck scale.
Natural solutions for this problem may be obtained by connecting it with the soft
supersymmetry breaking scale. Several scenarios have been proposed in this direction by
now [3-10]. One of the representative scenarios is to replace a µ-term, µH1H2 with a
Yukawa type coupling λSH1H2 by introducing an SM singlet chiral superfield S . This
kind of proposal requires also the introduction of some symmetry to prohibit a bare µ-
term. The next to the minimal supersymmetric standard model (NMSSM) with a suitable
discrete symmetry is an example of such scenarios. In fact, the radiative correction induces
a weak scale vacuum expectation value of the scalar component S˜ of S and the µ-scale is
realized as λ〈S˜〉 [7, 8]. However, in this model the spontaneous breaking of the discrete
symmetry creates the cosmologically dangerous domain wall problem. In addition to the
bare µ-term problem, the model is also annoyed by the vacuum instability problem if the
discrete symmetry is not imposed [11].
We can consider the above proposed symmetry as a gauge symmetry. It has been
known that a certain kind of supersymmetric extensions of the SM involving an extra
U(1) can solve the µ-problem by replacing the µ-term to a Yukawa coupling among a SM
singlet field S and the usual Higgs doublet fields such as λSH1H2 [9, 10]. The bare µ-term
is forbidden by this extra U(1)-symmetry if S carries non-trivial U(1)-charge. Thus the
superpotential of this model has the form
W = λSH1H2 + (MSSM Yukawa couplings) + · · · . (1)
Moreover it has been checked that radiative breaking of this U(1)-symmetry could occur
by making the soft supersymmetry breaking scalar squared mass of S˜ negative (m2S < 0),
at least if there were vector like extra colored chiral superfields (g, g¯) coupled with S in
the form kSgg¯ [9, 12, 13]. As in the case of the NMSSM, the coupling is realized as λ〈S˜〉.
A corresponding soft supersymmetry breaking parameter B is also induced as a usual
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trilinear soft supersymmetry breaking parameter Aλ corresponding to the λSH1H2 term
in W .
In this paper we propose a new scenario for solving this problem based on the non-
universality of the soft supersymmetry breaking parameters. This scenario is very similar
to the one proposed previously in the class of models with an extra U(1) but potentially
it can have different features from it. In the general framework in which supergrav-
ity describes the low energy effective theory of superstring theories the supersymmetry
breaking parameters can appear in a non-universal form [14, 15, 16]. Also a class of renor-
malizable N=1 supersymmetric gauge theories, in which renormalization group invariant
(RGI) relations among couplings have been assumed, have naturally similar features. If
soft supersymmetry breaking scalar squared masses are non-universal and some of them
are negative, we can consider the possibility that the breaking of the symmetry, which
protects the appearance of a bare µ-term, has different features, for example, on the Higgs
mass bound. It might provide the origin of the µ-scale.
Let us consider the model with the same superpotential as in eq. (1). The scalar
potential of S˜ is composed only of the extra U(1) D-term and the soft breaking scalar
mass term such as
V =
g2X
2
Q2S |S˜|4 + m˜2S|S˜|2, (2)
where gX is the extra U(1) gauge coupling and QS is the corresponding charge of S. If
m˜2S < 0 is radiatively realized at some scale satisfying the positiveness of other masses, the
scalar component of S obtains the vacuum expectation value |〈S˜〉|2 = −m˜2S/(gXQX)2. In
this case the vacuum expectation value 〈S˜〉 is always expected to be around the supersym-
metry breaking scale. Even if the negative m˜2S is introduced as a result of non-universal
supersymmetry breaking at the unification scale MX , this estimation will be kept. How-
ever in the latter case the µ-term may be considered to be induced at the unification scale
as a direct result of the non-universality of the soft supersymmetry breaking. In order to
find out the features arising in such a case at the weak scale we need a study using the
renormalization group equations. The components of the extra U(1)-vector superfields
do not decouple until the weak scale. So the phenomenology at the weak scale may be
very similar to the usual low energy breaking scenario except that there is, in principle,
no need to introduce large coupling of extra colored fields g and g¯ to S and therefore the
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result of the running of the renormalization group equations (RGEs) is different from the
usual case [9, 10].
Crucial points for the success of the present scenario will be a consistent realization
of the non-universal soft scalar masses required and a solution of the problem of the
vacuum instability due to the non-renormalizable interaction terms of S in the frameworks
that they appear [11]. It is also interesting to examine what kind of phenomenological
differences appear between the m˜2S > 0 case and the m˜
2
S < 0 case. The same scenario is
applicable to the NMSSM.
The organization of this paper is as follows. In section 2 we will briefly review the gen-
eral structure of the soft supersymmetry breaking parameters in the effective supergravity
of superstring. In section 3 we will present some examples which are expected to realize
the above scenario and discuss some important points concerning the relevant models. In
section 4 we present the field theoretical framework that accommodates the non-universal
soft supersymmetry breaking scalar mass squared terms. In section 5 the mass bound of
the lightest neutral Higgs for the model with an extra U(1) and the NMSSM is discussed
as a representative example of the features that discriminate this class of models from
others. Section 6 is devoted to the summary.
2. Non-universal supersymmetry breaking in the effective super-
gravity of superstring
Non-universality of the soft scalar mass is an essential point in our scenario. It will
be useful to start with a brief review of the gravity mediated supersymmetry breaking
[14, 15, 16]. Low energy effective supergravity theory of superstring is characterized in
terms of the Ka¨hler potential K, the superpotential W and the gauge kinetic function
fa. Each of these is a function of ordinary massless chiral matter superfields Ψ
I and
gauge singlet fields Φi called moduli 1, whose potential is perturbatively flat as far as the
supersymmetry is unbroken. We assume here that the non-perturbative phenomena such
as gaugino condensation occur in a hidden sector. After integrating out the fields relevant
to these phenomena, the Ka¨hler potential and the superpotential are expanded in the low
1 We are using the terminology “moduli” in the generalized meaning. A dilaton S(≡ Φ0) is included
in Φi other than the usual moduli M i(≡ Φi (1 ≤ i ≤ N)).
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energy observable matter fields ΨI as2,
K = κ−2Kˆ(Φ, Φ¯) + Z(Φ, Φ¯)IJ¯Ψ
IΨ¯J¯ + · · · , (3)
W = Wˆ (Φ) +
1
3
h˜(Φ)IJKΨ
IΨJΨK + · · · , (4)
where κ2 = 8π/M2pl. The ellipses stand for the terms of higher orders in Ψ
I . In eq. (4),
Wˆ (Φ) is considered to be induced by the non-perturbative effects in the hidden sector.
Using these functions the scalar potential V can be written as [17],
V = κ−2eG
[
Gα(G
−1)αβ¯Gβ¯ − 3κ−2
]
+ (D− term), (5)
where G = K + κ−2 log κ6|W |2 and the indices α and β denote ΨI as well as Φi. The
gravitino mass m3/2 which characterizes the scale of supersymmetry breaking is expressed
as m3/2 = κ
2eKˆ/2|Wˆ |. In order to get the soft supersymmetry breaking terms in the low
energy effective theory from eq. (5), we take the flat limitMpl →∞ preserving m3/2 fixed.
Through this procedure we obtain the effective renormalizable superpotential W eff and
the soft supersymmetry breaking terms Lsoft. However, in the real world Mpl 6= ∞ and
then we have a tower of non-renormalizable terms suppressed by powers of Mpl. These
non-renormalizable terms could induce a vacuum instability as discussed in Ref. [11]. We
will come back to this point later.
In the effective superpotentialW eff Yukawa couplings are rescaled as hIJK = e
Kˆ/2h˜IJK .
The soft breaking terms Lsoft corresponding to Weff is defined by
Lsoft = −m˜2IJ¯ψIψ¯J¯ −
(
1
3
AIJKψ
IψJψK + h.c.
)
, (6)
where ψI represents the scalar component of ΨI . Bilinear terms of ΨI are assumed to be
forbidden by some symmetry. Each soft breaking parameter is expressed by using K and
W as follows [15]3,
m˜2IJ¯ = m
2
3/2ZIJ¯ − F iF¯ j¯
[
∂i∂j¯ZIJ¯ −
(
∂j¯ZNJ¯
)
ZNL¯ (∂iZIL¯)
]
+ κ2V0ZIJ¯ , (7)
AIJK = F
i
[(
∂i +
1
2
Kˆi
)
hIJK − ZM¯L∂iZM¯(IhJK)L
]
, (8)
2Here we do not assume the existence of the effective µ-term in W [4] and also the Giudice-Masiero
term in K which can become the origin of µ-term [5].
3These soft breaking parameters are not canonically normalized because a kinetic term of ψI is ex-
pressed as ZIJ¯∂
µψI∂µψ¯
J¯ .
5
where F i is an F-term of Φi and ∂i denotes ∂/∂Φ
i. V0 is the cosmological constant
expressed as V0 = κ
−2(F iF¯ j¯∂i∂j¯Kˆ − 3m23/2). From these expressions we find that the
soft breaking parameters are generally non-universal and their structure is dependent
on the form of Ka¨hler potential, especially, the functional form of ZIJ¯ . The canonically
normalized gaugino mass is known to be written by using the gauge kinetic function fa(Φ)
as [17]
Ma =
1
2
(Refa)
−1F i∂ifa. (9)
Now we apply the above formalism to our model. The chiral superfields ΨI represent
quarks and leptons Qα, U¯α, D¯α, Lα and E¯α etc. where α is a generation index. Then, the
effective superpotential W eff and soft supersymmetry breaking terms Lsoft in our model
can be written as
W eff = hUαβH2U¯
αH2Q
β + hDαβH1D¯
αH1Q
β + hEαβH1E¯
αH1L
β + λSH1H2 + kSgg¯, (10)
Lsoft = −
∑
I,J
zI†m˜2I¯Jz
J −
(
AUαβH2U¯
αH2Q
β + ADαβH1D¯
αH1D
β + AEαβH1E¯
αH1L
β
+ AλSH1H2 + AkSgg¯ + h.c.) , (11)
where we do not consider the gaugino masses which are irrelevant in our present discussion.
The bare µ-term in W eff is forbidden by the extra U(1)-symmetry. The first term of
eq. (11) represents the mass terms of all scalar components of chiral superfields (zI =
Qα, Uα, Dα, Lα, Eα, H1, H2, S, g, g¯) in our model. The first place to check the validity of
our scenario is to study whether we can construct the model in which the soft scalar
masses are consistently realized in the required way such as
m˜2S < 0, m˜
2
H1
> 0, m˜2H2 > 0, m˜
2
Iˆ
> 0, (12)
where Iˆ = Q, U¯ , D¯, L, E¯, g, g¯. As seen from the general expressions of soft breaking
parameters in eqs. (7) and (8), their structure is determined by the moduli dependence
of ZIJ¯ and W
4.
In order to apply the above general results to construct a model satisfying eq. (12)
and proceed further investigation of the validity of our scenario, it is necessary to make
the model more definite by introducing some assumptions [18]. We consider a concrete
4Only known exception is the dilaton dominated supersymmetry breaking. Our scenario cannot be
applicable to this case.
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model within the framework which satisfies the following conditions. At first we assume
the simplest target space duality SL(2,Z) invariance [14]
M i → aiM
i − ibi
iciM i + di
(aidi − bici = 1, ai, bi, ci, di ∈ Z), (13)
for each usual modulusM i. Under the target space duality transformations (13) the chiral
superfields ΨI are assumed to transform as
ΨI →
(
iciM
i + di
)ni
I
ΨI , (14)
where niI is called the modular weight and takes a suitable rational value. This requirement
also results in the invariance under the following Ka¨hler transformation,
K → K + f(M i) + f¯(M¯ i¯), W → e−f(M i)W. (15)
Additionally Ka¨hler metric and then the kinetic terms of chiral superfields are assumed to
be flavor diagonal ZIJ¯ = ZIδIJ . This is satisfied almost in all known superstring models
as suggested in [16].
In order to parametrize the direction of supersymmetry breaking in the moduli space,
we introduce the parameters Θi which correspond to the generalized Goldstino angles in
the moduli space [16, 19]. They are defined as
F i
√
Kˆij¯ =
√
3Cm3/2Θi,
N∑
i=0
Θ2i = 1, (16)
where we take the κ = 1 unit. N is the number of usual moduli M i in the models. A
constant C satisfies V0 = 3κ
−2(|C|2 − 1)m23/2. In the followings we assume C = 1 and
then V0 = 0. The introduction of these parameters makes it possible to discuss the soft
breaking parameters without refering to the origin of supersymmetry breaking.
In the presently known perturbative superstring models the Kˆ can be generally written
as
Kˆ = −
N∑
i=0
ln
(
Φi + Φ¯i¯
)
. (17)
If we apply the above assumptions to ZIJ¯ in the Ka¨hler potential K, we can constrain
the functional form of ZI as
ZI =
N∏
i=1
(M i + M¯ i¯)n
i
I . (18)
Using these facts in eqs. (7) and (8) and normalizing them canonically, we can write down
the soft breaking parameters as 5
m˜2I = m
2
3/2
(
1 + 3
N∑
i=1
Θ2in
i
I
)
, (19)
AIˆ JˆHα
hIˆ JˆHα
= −
√
3m3/2
N∑
i=0
Θi

ni
Iˆ
+ ni
Jˆ
+ niHα + 1− (Mi +M∗i )
∂ih˜Iˆ JˆHα
h˜Iˆ JˆHα

 , (20)
Aλ
λ
= −
√
3m3/2
N∑
i=0
Θi
[
niS + n
i
H1 + n
i
H2 + 1− (Mi +M∗i )
∂iλ˜
λ˜
]
, (21)
where Hα stands for H1 and H2. An index I represents all chiral superfields and Iˆ and
Jˆ represent quarks and leptons Qα, U¯α, D¯α, Lα and E¯α(α = 1 ∼ 3). Here we do not
display the expression of Ak which is similar to the one of other A-parameters. In these
formulae n0I = 0 since we do not consider the transformations such as eqs. (13) and (14)
for a dilaton. There is the gaugino mass as a remaining soft supersymmetry breaking
parameter. Recalling that the gauge kinetic function is known that can be written as
fa = kaS and using eq. (9), we obtain
Ma =
√
3Θ0m3/2, (22)
where we neglect the threshold correction to fa.
Taking account of the functional form of Kˆ in eq. (17), our assumption requires
f(M i) = − ln(iciM i + di) in eq. (15). As a result, eq. (15) shows that the transfor-
mation property of superpotential W is: W → ∏Ni=1 (iciM i + di)−1W. Thus its coefficient
function h˜IJK transforms as the modular forms under the duality transformation of the
moduli fields M i,
h˜IJK →
N∏
i=1
(
iciM
i + di
)−(ni
I
+ni
J
+ni
K
+1)
h˜IJK . (23)
This shows that h˜IJK is a modular function of Mi with modular weight the −(niI + niJ +
niK +1). If coefficient functions h˜IJK of the superpotential are independent of the moduli
fields whose F-terms contribute to the supersymmetry breaking: ∂ih˜IJK = 0 for 〈F i〉 6= 0,
then the superpotential W , except for a Wˆ part, can depend only on moduli which do
not contribute the supersymmetry breaking. Then the last terms in eqs. (20) and (21)
5It should be noted that these are the tree level results. However, the introduction of string one-loop
effects [20] will not change the qualitative features discussed here.
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have no contribution6. In such a case the relation
niI + n
i
J + n
i
K + 1 = 0, (24)
should be fulfilled for each i( 6= 0). When this condition is satisfied, we can easily check
that one of the sum rules [18, 22] is satisfied as
m˜2I + m˜
2
J + m˜
2
K =
(
AIJK
hIJK
)2
=M2a . (25)
However, even if h˜IJK is a nontrivial modular function of Mi whose auxiliary component
has non-zero VEV 〈F i〉 6= 0, such a situation as ∂ih˜IJK ≪ h˜IJK can happen. In such a
case the last term in eqs. (20) and (21) can be neglected again, although the sum rule (25)
may not be satisfied unless we consider the suitable supersymmetry breaking direction Θi.
Although we assume that the last term in eqs. (20) and (21) is negligible in the following
discussion, we will take account of both possibilities on this sum rule.
3. Negative scalar mass squared
In the previous section we saw that the structure of soft supersymmetry breaking
parameters are determined by the supersymmetry breaking direction Θi and modular
weights of the matter fields. If we use these formulas, we can write down the required
condition (12) for them to realize our scenario consistently. It is rewritten as
N∑
i=1
Θ2in
i
S < −
1
3
,
N∑
i=1
Θ2in
i
Hα > −
1
3
,
N∑
i=1
Θ2in
i
Iˆ
> −1
3
, (26)
where Iˆ stands for the fields including the MSSM contents other than Hα and S. It is
instructive to give some concrete examples which satisfy this condition in the framework
of perturbative superstring. As representative examples, we consider two models which
have an overall modulus and multi moduli, respectively.
The first example is a model with an overall modulus (N = 1). In this case the
soft scalar mass formula reduces to m˜2I = m
2
3/2 (1 + Θ
2
1nI). If all the matter fields have
nI = −1, we have universal soft supersymmetry breaking parameters such as
m˜2I = m
2
3/2Θ
2
0,
AIJK
hIJK
= −
√
3m3/2Θ0, Ma =
√
3m3/2Θ0. (27)
6In this special situation such Yukawa couplings h˜IJK can be dynamical variables at the low energy
region as discussed in Ref.[21]. It may be a phenomenologically interesting case.
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This structure is the same as in the celebrated dilaton dominated case. Now we consider
the necessary change to realize our scenario. The condition (26) becomes Θ21nS < −1
for S and Θ21nIˆ > −1 for other fields including the MSSM contents. In order to satisfy
them, we must modify the modular weight of S at least. As the simplest modification we
change the modular weight of S into nS = −2. The universality among the soft scalar
masses of the ordinary MSSM contents is kept by this change. The soft scalar masses and
A-parameters are shifted into
m˜2S = m
2
3/2(Θ
2
0 −Θ21), m˜2Iˆ = m23/2Θ20,
Aλ
λ
= −
√
3m3/2
(
Θ0 − Θ1
3
)
,
AIˆ JˆKˆ
hIˆ JˆKˆ
= −
√
3m3/2Θ0, (28)
where the suffix Iˆ includes the ordinary Higgs doublet fields. The A-parameter corre-
sponding to kSgg¯ term has the same expression as Aλ. In this situation our scenario will
be realized as far as 1/2 < Θ21 < 1. If we tend Θ
2
1 to one, m˜
2
S becomes much more negative.
In this example the condition (24) is satisfied in the ordinary MSSM Yukawa couplings.
On the other hand, since the λ-term does not satisfy it, there appears a Θ1 dependence
as can be easily seen from eq. (21). In general, for the ordinary Yukawa couplings in the
superpotential it is well-known that the following condition on the soft supersymmetry
breaking parameters is required to prohibit the undesired symmetry breaking [8]7:
m˜2I + m˜
2
J + m˜
2
K >
1
3
(
AIJK
hIJK
)2
. (29)
We should check the validity of this condition for the ordinary MSSM Yukawa couplings
to quarantee the consistency of our scenario. However, it is trivially satisfied at least at
the unification scale since the sum rule (25) holds in this example.
As a next example, we adopt the Z2 × Z2 orbifold with three independent moduli
(T1, T2, T3) [14]. In this orbifold we can consider a model composed of the fields in the
untwisted sector with modular weights (−1, 0, 0), (0,−1, 0), (0, 0,−1) and the fields in the
twisted sector with modular weight (−1/2,−1/2, 0). Here we assume that the modular
weights of H1, H2 and S are (−1, 0, 0), (0,−1, 0) and (0, 0,−1) respectively and other
matter contents in the MSSM and (g, g¯) have (−1/2,−1/2, 0). This assignment guarantees
the universality of the soft scalar masses among the MSSM contents except for the doublet
7 Of course this condition should be satisfied at the weak scale.
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Higgs fields. Under this assumption we can write down the soft supersymmetry breaking
parameters m˜2I and AIJK as follows,
m˜2
Iˆ
= m23/2
(
1− 3
2
(Θ21 +Θ
2
2)
)
, m˜2Hα = m
2
3/2
(
1− 3Θ2α
)
, m˜2S = m
2
3/2
(
1− 3Θ23
)
,
AIˆ JˆHα
hIˆJˆHα
= −
√
3m3/2 (Θ0 −Θα +Θ3) , Aλ
λ
=
Ak
k
= −
√
3m3/2Θ0, (30)
where the index α takes 1 and 2. Aλ corresponds to the B-parameter in the MSSM. At this
stage the structure of soft supersymmetry breaking parameters is completely determined
by the supersymmetry breaking direction Θi. Here we might note that eq. (24) is satisfied
only in the λ-term in this modular weight assignment. The ordinary MSSM Yukawa
couplings do not satisfy eq. (24) and then it is not trivial whether the condition (29)
can be satisfied or not. The breaking direction Θi should be constrained by requiring to
satisfy it. It is useful to note that the gaugino mass and then m˜2H1 + m˜
2
H2
+ m˜2S becomes
smaller by making Θ0 smaller.
In this example the supersymmetry breaking pattern similar to the dilaton dominance
is realized by Θ = (1/
√
3,−√2/3,−√2/3,−√2/3) and each parameter is represented by
m˜2
Iˆ
= m˜2Hα = m˜
2
S =
1
3
m23/2, Ma = m3/2,
AIˆ JˆHα
hIˆ JˆHα
=
Aλ
λ
=
Ak
k
= −m3/2. (31)
This satisfies the sum rule (25). If we change Θi from this case, we can introduce the
non-universality among soft scalar masses. It is not difficult to make m˜2H1 different from
m˜2H2 keeping their positivity. In fact, if we take Θ = (1/
√
6,−√2/3,−√11/6,−√11/6),
we obtain a non-universal example such as
m˜2
Iˆ
=
5
24
m23/2, m˜
2
H1 =
1
3
m23/2, m˜
2
H2 =
1
12
m23/2, m˜
2
S =
1
12
m23/2,
Ma =
1√
2
m3/2,
AIˆ JˆHα
hIˆ JˆHα
=
Aλ
λ
=
Ak
k
= − 1√
2
m3/2. (32)
Now the first condition of eq. (26) is rewritten as Θ23 > 1/3. As an simple way to satisfy
this condition, we shift the above Θ into Θ = (1/3,−√2/3,−√2/3,−2/3). This choice
keeps the soft scalar masses the same as in eq. (31) except for m˜2S and they are expressed
as
m˜2
Iˆ
= m˜2Hα = −m˜2S =
1
3
m23/2, Ma =
1√
3
m3/2,
AIˆJˆHα
hIˆ JˆHα
= −
√
2− 1√
3
m3/2,
Aλ
λ
=
Ak
k
= − 1√
3
m3/2. (33)
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Note that with the above chosen Θ’s which led to eqs. (31) and (32), the sum rule (25)
is partially satisfied according to the discussion in sect. 2. In fact, in eq. (32) the sum
rule is broken in the down sector and in eq. (33) it is broken in the λ-term. We can easily
introduce more non-universality among these parameters by changing Θ from this.
Here we presented simple examples. However, as it is clearly seen from these exam-
ples, we can find that it is not difficult to prepare the set of parameters in a way that
our scenario could be potentially realized. Athough all soft parameters are generally of
the same order in the present scheme, even within these examples we find that rather
extensive and phenomenologically allowable non-universal soft supersymmetry breaking
structure can be realized. It is useful to note that their hierarchical structure can be
also realized if we take into account the one-loop effect [19]. Moreover, if we extend our
consideration to a set of modular weights which have not been known to be realized in the
concrete superstring models, we can construct many models with different patterns of the
soft breaking parameters. We can also expect that this scenario might be straightfowardly
extended to the soft supersymmetry breaking parameters in the M-theory framework.
4. Reduction of couplings and soft scalar masses sum rule
The above proposed scenario can also be realised in a simpler field theoretical frame-
work of supersymmetric GUTs in which reduction of couplings has been achieved. The
method of reducing the couplings consists of hunting for renormalization group invariant
(RGI) relations. This programme, called Gauge–Yukawa unification scheme, applied in
the dimensionless couplings of supersymmetric GUTs, such as gauge and Yukawa cou-
plings, had already noticeable successes by predicting correctly, among others, the top
quark mass in the finite and in the minimal N=1 supersymmetric SU(5) GUTs [23, 24].
An impressive aspect of the RGI relations is that one can guarantee their validity to
all-orders in perturbation theory by studying the uniqueness of the resulting relations at
one-loop, as was proven in the early days of the programme of reduction of couplings [25].
Even more remarkable is the fact that it is possible to find RGI relations among couplings
that guarantee finiteness to all-orders in perturbation theory [26, 27].
Let us outline briefly the idea of reduction of couplings. Any RGI relation among cou-
plings (which does not depend on the renormalization scale µ explicitly) can be expressed,
in the implicit form Φ(g1, · · · , gA) = const., which has to satisfy the partial differential
12
equation (PDE)
µ
dΦ
dµ
= ~∇ · ~β =
A∑
a=1
βa
∂Φ
∂ga
= 0 , (34)
where βa is the β-function of ga. This PDE is equivalent to a set of ordinary differential
equations, the so-called reduction equations (REs) [25],
βg
dga
dg
= βa , a = 1, · · · , A , (35)
where g and βg are the primary coupling and its β-function, and the counting on a does not
include g. Since maximally (A− 1) independent RGI “constraints” in the A-dimensional
space of couplings can be imposed by the Φa’s, one could in principle express all the
couplings in terms of a single coupling g. The strongest requirement is to demand power
series solutions to the REs,
ga =
∑
n=0
ρ(n)a g
2n+1 , (36)
which formally preserve perturbative renormalizability. Remarkably, the uniqueness of
such power series solutions can be decided already at the one-loop level [25].
The method of reducing the dimensionless couplings has been extended [28] to the
soft supersymmetry breaking (SSB) dimensionful parameters of N = 1 supersymmetric
theories. In addition it was found [29] that RGI SSB scalar masses in Gauge-Yukawa
unified models satisfy a universal sum rule. Let us briefly describe here how the use of the
available two-loop RG functions and the requirement of finiteness of the SSB parameters
up to this order leads to the soft scalar-mass sum rule [30].
Consider the superpotential given by8
W =
1
2
mij ΦiΦj +
1
6
Cijk Φi Φj Φk , (37)
where mij and Cijk are gauge invariant tensors and the matter field Φi transforms accord-
ing to the irreducible representation Ri of the gauge group G. The Lagrangian for SSB
terms along this superpotential is
− LSB = 1
6
hijk φiφjφk +
1
2
bij φiφj +
1
2
(m2)ji φ
∗ iφj +
1
2
M λλ+H.c., (38)
8In this section we change the notation for the Yukawa couplings and the soft supersymmetry breaking
parameters from the previous section as follows: hIJK → Cijk , AIJK → hijk, m˜2IJ¯ → (m2)
j
i .
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where the φi are the scalar parts of the chiral superfields Φi , λ are the gauginos and M
their unified mass. Considering first finite theories, we assume that the gauge group is
a simple group and the one-loop β-function of the gauge coupling g vanishes. We also
assume that the reduction equations admit power series solutions of the form
C ijk = g
∑
n=0
ρijk(n)g
2n . (39)
According to the finiteness theorem [26], the theory is then finite to all-orders in per-
turbation theory, if, among others, the one-loop anomalous dimensions γ
j(1)
i vanish. The
one- and two-loop finiteness for hijk can be achieved by
hijk = −MC ijk + . . . = −Mρijk(0) g +O(g5) . (40)
Now, to obtain the two-loop sum rule for soft scalar masses which guarantees together
with condition (40) the finiteness of the theory in its SSB sector, we assume that the
lowest order coefficients ρijk(0) and also (m
2)ij satisfy the diagonality relations
ρipq(0)ρ
jpq
(0) ∝ δji for all p and q and (m2)ij = m2jδij , (41)
respectively. Then we find the following soft scalar-mass sum rule
( m2i +m
2
j +m
2
k )/MM
† = 1 +
g2
16π2
∆(1) +O(g4) (42)
for i, j, k with ρijk(0) 6= 0, where ∆(1) is the two-loop correction
∆(1) = −2∑
l
[(m2l /MM
†)− (1/3)] T (Rl), (43)
which vanishes for the universal choice in accordance with previous findings [31].
If we know higher-loop β-functions explicitly, we can follow the same procedure and
find higher-loop RGI relations among SSB terms. However, the β-functions of the soft
scalar masses are explicitly known only up to two loops. In order to obtain higher-loop
results, we need something else instead of knowledge of explicit β-functions, e.g. some
relations among β-functions.
The recent progress made using the spurion technique [32, 33] leads to the following
all-loop relations among SSB β-functions [34]−[39].
βM = 2O
(
βg
g
)
, (44)
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βijkh = γ
i
lh
ljk + γj lh
ilk + γklh
ijl
−2γi1lC ljk − 2γj1lC ilk − 2γk1 lC ijl , (45)
(βm2)
i
j =
[
∆+X
∂
∂g
]
γij , (46)
O =
(
Mg2
∂
∂g2
− hlmn ∂
∂C lmn
)
, (47)
∆ = 2OO∗ + 2|M |2g2 ∂
∂g2
+ C˜lmn
∂
∂Clmn
+ C˜ lmn
∂
∂C lmn
, (48)
where (γ1)
i
j = Oγij , Clmn = (C lmn)∗, and
C˜ ijk = (m2)ilC
ljk + (m2)j lC
ilk + (m2)klC
ijl . (49)
The X in eq. (46) in the lowest order is
X(2) = −Sg
3
8π2
, SδAB = (m
2)kl (RARB)
l
k − |M |2C(G)δAB. (50)
Then assuming more generally than the finite case, described above, (a) the existence of
a RGI surface on which C = C(g) or equivalently that
dC ijk
dg
=
βijkC
βg
(51)
holds, and (b) the existence of RGI surface on which equation
hijk = −M(C ijk)′ ≡ −MdC
ijk(g)
d ln g
, (52)
holds too and using the all-loop gauge β-function of Novikov et al. [40] given by
βNSVZg =
g3
16π2
[∑
l T (Rl)(1− γl/2)− 3C(G)
1− g2C(G)/8π2
]
, (53)
it was found the all-loop RGI sum rule [42],
m2i +m
2
j +m
2
k = |M |2{
1
1− g2C(G)/(8π2)
d lnC ijk
d ln g
+
1
2
d2 lnC ijk
d(ln g)2
}
+
∑
l
m2l T (Rl)
C(G)− 8π2/g2
d lnC ijk
d ln g
. (54)
The lowest order relations take very simple form and we may summarize them as9
m2i +m
2
j +m
2
k =M
2, (55)
hijk = −MC ijk. (56)
9Here we neglect the new CP violating phases in the soft breaking parameters.
15
It is interesting enough to note that these formulae have the same form as eq. (25). These
formulae can be used directly in applications using GUTs in which has been assumed
reduction of coupling beyond the unification point [30].
5. Phenomenological features
In the previous sections it was shown that we could construct the models which poten-
tially induced the µ-scale at the high energy region such as the unification scale. In this
section we study the lightest neutral Higgs scalar mass bound as one of their phenomeno-
logical features. Before proceeding this study we start our discussion with the vacuum
instability problem due to the non-renormalizable terms in the Langangian. It has been
known that there appears a vacuum instability in the models with a singlet scalar chiral
superfield if we take account of the gravity effects [11]. In such models it has been shown,
taking the cutoff scale Λ to be of order Mpl, that the dangerous divergent diagram is
propotional to M2−Ec−Pcpl where Ec stands for the number of external lines and Pc repre-
sents the number of chiral propagators. If there is no symmetry to prohibit the tadpole,
then the tadpole contribution with Ec = 1 violates the weak scale stability. Although in
our scenario the chiral superfield S is an SM singlet in the case of the model with an extra
U(1), it has a non-trivial charge under the U(1). The divergence is at most logarithmic
in the case of Ec = 2 and the vacuum instability seems to be escapable due to the extra
U(1)-symmetry. This situation does not change even if this symmetry breaks down, as in
our model, at Mpl. In the NMSSM with a discrete symmetry the same situation can be
expected.
The electroweak radiative symmetry breaking can also be one of the crucial check
points for the validity of the proposed scenario. Although the µ-scale is induced at the
unification scale in the present scheme, the models cannot be reduced to the MSSM at
the unification scale. Since the vacuum expectation value of S˜ is comparable to the
weak scale, this chiral superfield cannot be integrated out to replace the Yukawa coupling
λSH1H2 by an effective µ-term at such a high energy scale. This singlet chiral superfield
S does not decouple until near the weak scale. Thus we should treat our models in the
same way as the usual ones with m˜2S > 0. However, it is expected that there is a large
difference in the allowed parameter space between the models with a different sign of m˜2S
since the couplings behavior required to realize the correct vacuum radiatively is not the
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same. This difference can be reflected in the mass bound of the lightest neutral Higgs
scalar, for example. In the remaining part of this section we estimate the lightest neutral
Higgs mass bound in the present scenario by imposing the condition of the weak scale
radiative symmetry breaking. We compare these results with the ones of other models
with m˜2S > 0 where the µ-scale appears around the weak scale.
At first we discuss the model with an extra U(1). In this model the tree level scalar
potential including the soft supersymmetry breaking terms is the same as the usual m˜2S > 0
case and can be written as10
V0 =
1
8
(
g22 + g
2
1
) (
|H1|2 − |H2|2
)2
+
(
|λSH1|2 + |λSH2|2
)
+ m˜2H1 |H1|2 + m˜2H2 |H2|2 + (AλλSH1H2 + h.c.)
+
1
8
g2E
(
Q1|H1|2 +Q2|H2|2 +QS|S|2
)2
+ λ2|H1H2|2 + m˜2S |S|2, (57)
where Q1, Q2 and QS are the extra U(1)-charges of H1, H2 and S, respectively. The
vacuum of these models is parametrized by the vacuum expectation values (VEVs) of
Higgs scalar fields such as
〈H1〉 =

 v1
0

 , 〈H2〉 =

 0
v2

 , 〈S〉 = u, (58)
where v1 and v2 are assumed to be positive and v
2
1 + v
2
2 = v
2(≡ (174GeV)2) should be
satisfied. Thus the vacuum in these models is parametrized by tan β = v2/v1 and u.
Based on this scalar potential the upper mass bound of the lightest neutral Higgs scalar
is estimated as
m
(0)2
h0 ≤ m2Z
[
cos2 2β +
2λ2
g21 + g
2
2
sin2 2β +
g2E
g21 + g
2
2
(
Q1 cos
2 β +Q2 sin
2 β
)2]
. (59)
In this derivation we have used the following potential minimization conditions for V0 :
m˜2H1 = −
1
4
(g22 + g
2
1)(v
2
1 − v22)−
1
4
g2EQ1(Q1v
2
1 +Q2v
2
2 +QSu
2)− λ2(u2 + v22)− λAλu
v2
v1
,
m˜2H2 =
1
4
(g22 + g
2
1)(v
2
1 − v22)−
1
4
g2EQ2(Q1v
2
1 +Q2v
2
2 +QSu
2)− λ2(u2 + v21)− λAλu
v1
v2
,
m˜2S = −
1
4
g2EQS(Q1v
2
1 +Q2v
2
2 +QSu
2)− λ2(v21 + v22)− λAλ
v1v2
u
. (60)
10 Hereafter we will use the same notation for the superfield and its scalar component. The sign
convention of A parameters is followed to the one in the previous sections which is reversed from that in
Refs. [13, 44].
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These formulas can be extended so as to include the one-loop effective potential
V1 =
1
64π2
Str M4
(
ln
M2
Λ2
− 3
2
)
, (61)
where M2 is a matrix of the squared mass of the fields contributing to the one-loop
correction and Λ is a renormalization point. If we include the effect of V1, the upper
mass bound of the lightest Higgs scalar is modified by adding the following term to the
right-hand side of eq. (59) :
∆m2h0 =
1
2
(
∂2V1
∂v21
− 1
v1
∂V1
∂v1
)
cos2 β +
1
2
∂2V1
∂v1∂v2
sin 2β +
1
2
(
∂2V1
∂v22
− 1
v2
∂V1
∂v2
)
sin2 β. (62)
This bound is estimated at the minimum of the one-loop effective potential Veff = V0+V1.
In order to proceed this estimation we will use the following method which was adopted
in Ref. [13]. As usual, we evolve the coupling constants and the soft supersymmetry
breaking parameters from the suitable initial values at the unification scale MX towards
the low energy region by using the renormalization group equations (RGEs). We can
determine tan β using the data on the top quark mass mt and the top Yukawa coupling
constant ht(mt)
11. Once tan β is fixed, we can determine the value of u which minimizes
the effective potential Veff . However, this set of (tan β, u) is not necessarily a true potential
minimum. In order to guarantee that these values are indeed obtained at the potential
minimum we substitute these values of (tan β, u) into potential minimum conditions (60)
improved by V1 and compare them with the corresponding direct low energy results of
the RGEs. If these are equal within the suitable range, we recognize such (tan β, u) as the
true vacuum and the corresponding parameters set as the phenomenologically allowable
one. Only for such parameters set we estimate the upper mass bound of the lightest Higgs
scalarmh0 which is defined asm
2
h0 = m
(0)2
h0 +∆m
2
h0. In this calculation we change the RGEs
from the ones of the supersymmetric model to the ones of the nonsupersymmetric model
at m3/2. The renormalization point in eq. (61) is taken as mt, for simplicity. Although
these are the main points of our analysis, we should mention that we additionally impose
further phenomenological conditions such as the mass bounds of superparticles to restrict
the parameters, which have also been used in the analysis of [13].
In our analysis we have used first eqs. (31) and (33) for the initial values of
the soft supersymmetry breaking parameters as representative cases of m˜2S > 0 and
11To determine the value of tanβ an effect of the translation of the running mass to the pole mass has
been taken into account [43].
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Fig.1 Scatter plots of the upper mass bound mh0 of the lightest neutral Higgs scalar for tanβ in Fig.
1(a) and for u in Fig. 1(b) for both of the ξ− model and the NMSSM. They are plotted in both cases of
m˜2S > 0 and m˜
2
S < 0.
m˜2S < 0, respectively. However, it seems to be rather difficult to obtain consistent radiative
symmetry breaking solutions for the universal soft Higgs masses in the case of m˜2S > 0.
Therefore, we are led to use eq. (32) instead of eq. (31) in order to represent the
m˜2S > 0 case. On the other hand as a typical model with an extra U(1) we take the
three generations ξ− model studied in Ref. [13] which is derived from E6 using the Wilson
line breaking mechanism. The SM gauge coupling unification is guaranteed for the field
contents of this model since the chiral superfield contents are composed of the MSSM one
with 3(5 + 5¯) of SU(5). The relevant Yukawa couplings to the RGEs analysis are the
top Yukawa coupling ht, λ and k
12. They are surveyed in the range from 0 to 3 with the
interval 0.1, respectively. The results of this analysis for m3/2 = 1 TeV are summarized
in Fig.1.
The allowed parameter space seems to be strongly restricted in the case of m˜2S > 0 so
that the number of solutions is limited as compared to the one of m˜2S < 0. The sign of
m˜2S at the unification scale affects largely the radiative symmetry breaking phenomena. It
12 We may consider the model with no extra colored fields (g, g¯) in the m˜2S < 0 case as an interesting
alternative. We do not consider such a case here since further consideration on the matter content for
the anomaly cancellation is required.
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seems to bring different features for the running of the coupling constants in both cases,
although there is no large difference in their initial values at the unification scale. The
consistent radiative symmetry breaking tends to occur much more easily in the case of
m˜2S < 0. The upper mass bound mh0 takes its value at ∼142 GeV (m˜2S < 0 case) and
∼144 GeV (m˜2S > 0 case). We might expect that the m˜2S < 0 case generally gives smaller
values for the mh0 as compared to the m˜
2
S > 0 one. We also carried out the calculation
for other values of m3/2. The qualitative feature is very similar, although the numerical
value of mh0 tends to be shifted upwards for the larger value of m3/2. It is also useful to
note that in the model with an extra U(1) values of tanβ smaller than 2 are allowed even
for the present Higgs mass bound since there is the extra contribution depending on λ as
shown in eq. (59)13.
Next we proceed to the analysis of the NMSSM. The NMSSM is another candidate
to solve the µ-problem in the MSSM. As mentioned in the introduction, the discrete
symmetry should be imposed in the NMSSM to escape the phenomenological problems
such as the bare µ-term and the tadpole. Although, in general, the spontaneous breaking
of the discrete symmetry generates the cosmologically dangerous domain wall problem, we
leave it here. We estimate the upper mass bound of the Higgs scalar also in the NMSSM
paying attention to the difference between the m˜2S < 0 and m˜
2
S > 0 cases. The NMSSM is
composed of the MSSM content and a singlet chiral superfield. Here we do not consider the
introduction of the extra matter fields such as 5 + 5¯ of SU(5)14. In the superpotential we
should replace kSgg¯ in the ξ− model to
k
3
S3. As the supersymmetry breaking parameters
in this study, we use those given in eq. (32) with Ak/k = (
√
33 + 3
√
2− 2√6)m3/2/6 and
the ones in eq. (33) with Ak/k = (5− 2
√
2)m3/2/
√
3 for the cases of m˜2S > 0 and m˜
2
S < 0,
respectively. The Yukawa couplings ht, |k| and λ are serveyed in the range from 0 to 3
with an interval 0.1, while m3/2 is fixed to be 1 TeV.
The results of this analysis are also presented in Fig.1. The allowed parameter space
again seems to be strongly restricted in the m˜2S > 0 case as compared to the m˜
2
S < 0
case. Since there is no direct contribution to the RGE of m˜2S from the Yukawa coupling
which is affected by the SU(3) gauge coupling in the NMSSM, it is rather difficult to
13The results shown in Fig.1 are obtained for rather restricted soft parameters and then this aspect
can be not seen explicitly. This feature of allowed tanβ will be expected in the NMSSM [13, 44].
14The inclusion of these is expected to raise the Higgs upper mass bound as discussed in [44].
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make m˜2S negative radiatively and this tendency becomes much clearer as compared to
the model with an extra U(1). The upper mass bound mh0 takes its value in the region of
127 GeV∼135 GeV (m˜2S < 0 case) and ∼137 GeV (m˜2S > 0 case). Also in the NMSSM
the value of mh0 is smaller in the m˜
2
S < 0 case. In this case the smaller value of mh0 tends
to be realized at the large |u| region where there is no solutions in the m˜2S > 0 case. Since
only the effect of k and λ cannot make the value of m˜2S negative largely, the negative
initial value of m˜2S seems to be necessary to derive the larger |u| value in the NMSSM.
The large |u| value tends to be combined with the smaller λ since λu is related to the
µ-scale. This feature suggests that the m˜2S < 0 model can have the possibility to realize
a smaller upper mass bound of mh0 .
Up to now we focussed our attention on the soft supersymmetry breaking parameters
which could be derived in the superstring framework. As we have discussed already, the
soft supersymmetry breaking scalar masses appear also in the field theoretical framework
and the corresponding sum rule (55) can be obtained there too assuming the reduction of
couplings scenario. In the latter framework we shall study the effect of m˜2S on the Higgs
mass bound under the constraint coming from the sum rule. We should note that there
are some noticeable points which are characteristic in this study. The Gauge-Yukawa
and Finite SU(5) models [23,24], which have been so far successful in predicting, among
others, the top quark mass require large values of tan β since the ratio of the top and
bottom Yukawa couplings ht and hb (as well their ratio to the GUT gauge coupling,
gGUT) are of order one at the unification scale. This situation is completely different
from the above superstring case, where the sum rule is required only for the Yukawa
couplings which satisfy a condition such as (24). However the field theory framework,
according to the partial reduction of couplings proposal [41], is flexible on the choice
of the couplings that should be reduced. Therefore one can always reduce the number
of the sum rules that have to be satisfied. Therefore, as a first try, assuming that a
successful GUT could be constructed with reduction of couplings which keeps the above
characteristics of the known Gauge-Yukawa GUTs and moreover incorporates a term
such as λSH1H2 with a coupling which is reduced in favor of the corresponding gGUT, we
shall study the consequences of the sum rule applied in this term15. Then the relation
15Note that a singlet cannot have non-vanishing couplings in Finite N = 1 GUTs, resulting from the
finiteness condition that requires vanishing of the corresponding anomalous dimension of the chiral singlet
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m˜2H1 + m˜
2
H2 + m˜
2
S = M
2 should be satisfied and clearly the value of m˜2S reflects to those
of m˜2H1 and m˜
2
H2
which are already constrained from the large tanβ. We shall see in the
following that, as a result of imposing these constraints, it becomes completely non-trivial
to achieve radiative electroweak symmetry breaking.
Under the assumptions described above we take the NMSSM within the reduction of
couplings scenario as the target of our numerical study. Then in the present RGE study
we need to include the bottom and tau Yukawa couplings hb, hτ since they are comparable
to ht and we assume the validity of the sum rule corresponding to all Yukawa couplings
of the third generation, assuming reduction of the corresponding couplings16. We can
further impose the condition hb = hτ at the unification scale as resulting naturally in
most GUTs. Then we would like to determine which sum rules, as those suggested by
eq. (55), can be imposed at the unification point and simultaneously are compatible with
the low energy phenomenolological conditions. As a numerical strategy to find solutions
to this requirement we use the sum rule condition in the form17 of AIJK = −MhIJK and
m˜2I + m˜
2
J + m˜
2
K = CM2, in which C is treated as the free parameter satisfying 0 ≤ C ≤ 318.
Moreover, we treat soft scalar masses as the independent free parameters and vary |m˜I |
from 0.1M to M , although the gaugino masses are treated as the universal value M . We
impose the constraint of consistent realization of the bottom and tau mass at the low
energy scale in addition to the previously explained procedure. We take m3/2 = 1 TeV as
the scale where we change the set of RGEs and the gaugino massM is varied from 0.7m3/2
to m3/2. Yukawa couplings are serveyed in the similar region to the previous superstring
case.
The solutions of this numerical calculation are presented in Table 1. We could obtain
these solutions only for the very restricted values for the Yukawa couplings
ht ≃ 1.06, hb ≃ 0.32, k ≃ 0.3, λ ≃ 2.4, (m˜2S > 0),
field. This is not the case in other Gauge-Yukawa GUTs.
16Note that the coupling of a term such as k
3
S3 cannot be reduced in favor of the GUT gauge coupling,
since S is gauge singlet.
17Note that we use the notation of section 2 here.
18 We assume Ct = Cb which is the case for the grand unified model with the reduction of couplings.
For the τ Yukawa coupling, however, Cτ is fixed as 3 and also m˜2E¯ = M2 since the small Cτ tends to
violate the superparticle mass bound, in particular, the chargino mass bound and the electric charge
conservation. This obviously consists an additional difficulty in finding the prescribed solutions.
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tan β u (TeV) mh0 (GeV) Cλ Ct
m˜2S > 0 ∼ 28.2 1.41 ∼ 1.80 135.6 ∼ 139.8 0.82 ∼ 2.13 1.0 ∼ 3.0
m˜2S < 0 ∼ 40.1 1.74 ∼ 2.26 137.6 ∼ 142.6 0.36 ∼ 1.48 1.5 ∼ 3.0
Table 1 The numerical results in the field theory case.
ht ≃ 1.08, hb ≃ 0.54, k ≃ 0.4, λ ≃ 2.1, (m˜2S < 0) (63)
at the unification scale. The large tanβ solution requires fine tuned Yukawa couplings
for a consistent electroweak radiative symmetry breaking. These are easily realized for
the non-universal soft Higgs scalar masses m˜2H1 6= m˜2H2 . In the m˜2S < 0 case we have solu-
tions only for m˜2H1 ≥ m˜2H2 although in the m˜2S > 0 case we can obtain solutions even for
m˜2H1 < m˜
2
H2 . The value of tan β is rather different for different sign of m˜
2
S. This situation
is very different from the previous examples in which tan β takes similar value in both
cases. This may be reflected to the upper mass bound of the neutral Higgs scalar which
is a little bit smaller for the m2S > 0 case as compared to the m
2
S < 0 case. Although we
do not strictly impose the sum rule for the soft scalar masses at the unification scale, we
can see whether it is satisfied in these solutions through the values of C in Table 1. The
value of C shown in Table 1 is found to reflect the sign of m˜2S. Since the negative m˜2S
tends to make m˜2H1,2 larger, we can expect that the solutions tend to have smaller Cλ and
larger Ct as compared to the positive m˜2S. In fact, many solutions of the negative m˜2S case
satisfy Cλ < 1 and Ct > 1. Therefore our study shows that we cannot apply consistently
our scenario if we insist in reducing the Yukawa couplings of the third generation in favor
of gGUT, which would imply the validity of the corresponding sum rules. Therefore we are
led to abandon the freedom offered by the field theory in reducing more couplings and
we keep only as an interesting viable possibility the reduction of the coupling λ of the
term λSH1H2, which in turn implies a sum rule as in the string case discussed earlier.
It is amusing that in the positive m˜2S case many solutions satisfy the sum rules and then
Cλ ∼ Ct ∼ 1 in rather good accuracy. If we consider the couplings reduction in the type of
model as the NMSSM, the positive m˜2S will be promising and tanβ ∼ 30 may be expected.
6. Summary and conclusions
We have considered the possible solution for the µ-problem based on the non-universal
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soft supersymmetry breaking scalar masses. Usually models with negative soft squared
mass are excluded since they are led to incorrect SM vacuum. However, if we consider the
non-universality of the soft supersymmetry breaking parameters in the extended models of
the MSSM seriously, we can obtain viable models for some sets of their initial conditions.
Here we have proposed such a kind of application of the non-universal soft supersymmetry
breaking to resolve the µ-problem.
In this paper we have concretely showed the possibilities that the negative soft scalar
squared mass were constructed consistently in the superstring framework. We have also
discussed that in the field theory with the reduction of couplings the non-universal soft
scalar masses could be realized satisfying the suitable sum rules. In both cases after the
extension of the MSSM it seems not to be difficult to realize the negative squared soft
scalar mass in the extended chiral superfield sector keeping its positivity in the sector of
the MSSM at the unification scale. The question is whether the radiative electroweak
symmetry breaking can occur starting from such a kind of initial conditions. We have
studied to which extent this scenario could be consistent with the electroweak radiative
symmetry breaking. Our numerical study shows that indeed the realization of such a
scenario is possible, although the solutions seem to be shifted in the parameters space
as compared to the usual case with the positive squared soft scalar masses. As a result
of this shift in the parameters space, we also suggested that in the superstring case the
upper mass bound of the lighest neutral Higgs scalar could be smaller in this type of
models than the ones with the positive squared soft scalar masses. On the other hand,
in the field theory case if we insist in reducing in favor of the gauge coupling also the
Yukawa coupligs of the third generation, in addition to the coupling of the singlet to the
Higgs fields, the sum rules for the soft supersymmetry breaking parameters can be easily
satisfied only in the case of positive soft scalar squared masses. Certainly a negative
soft scalar squared mass corresponding to the singlet superfield can also be obtained by
relaxing the requirement to reduce the Yukawa couplings in favor of the gauge couplings.
These results seem to be interesting enough for the extended MSSM with a SM sin-
glet chiral superfield. If we take into account the new possibility discussed here, the
extended MSSM with the SM singlet chiral superfield may reveal the new aspect of its
phenomenology and be a similarly promising candidate to the MSSM, for example, in
the Higgs search. Our present scenario for the origin of the µ-scale seems to be a simple
24
example of the phenomena that the non-universal soft supersymmetry breaking can in-
troduce in the theory and might exist further fruitful applications in the model building
beyond the MSSM.
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